Objective: Our goal was to define the genetic cause of the profound hypomyelination in the taiep rat model and determine its relevance to human white matter disease. Methods: Based on previous localization of the taiep mutation to rat chromosome 9, we tested whether the mutation resided within the Tubb4a (b-tubulin 4A) gene, because mutations in the TUBB4A gene have been described in patients with central nervous system hypomyelination. To determine whether accumulation of microtubules led to progressive demyelination, we analyzed the spinal cord and optic nerves of 2-year-old rats by light and electron microscopy. Cerebral white matter from a patient with TUBB4A Asn414Lys mutation and magnetic resonance imaging evidence of severe hypomyelination were studied similarly. Results: As the taiep rat ages, there is progressive loss of myelin in the brain and dorsal column of the spinal cord associated with increased oligodendrocyte numbers with accumulation of microtubules. This accumulation involved the entire cell body and distal processes of oligodendrocytes, but there was no accumulation of microtubules in axons. A single point mutation in Tubb4a (p.Ala302Thr) was found in homozygous taiep samples. A similar hypomyelination associated with increased oligodendrocyte numbers and arrays of microtubules in oligodendrocytes was demonstrated in the human patient sample. Interpretation: The taiep rat is the first animal model of TUBB4 mutations in humans and a novel system in which to test the mechanism of microtubule accumulation. The finding of microtubule accumulation in a patient with a TUBB4A mutation and leukodystrophy confirms the usefulness of taiep as a model of the human disease.
has identified Tubb4a as highly expressed in oligodendrocytes compared to neurons, astrocytes, and microglia. 7 Since the identification of TUBB4A mutations in H-ABC, TUBB4A mutations have been associated with a spectrum of disease symptoms that vary in serverity. 8 On the mildest end is adult onset dystonia type 4 (DYT4) or whispering dysphonia, characterized by extrapyramidal movement abnormalities without any white matter abnormalities on MRI. The second disease phenotype in order of severity is mild, isolated hypomyelination. Other phenotypes include classical H-ABC and severe isolated hypomyelination with variable cerebellar atrophy and clinically a devastating encephalopathy. 2, 8 At present, it is hypothesized that in H-ABC a microtubule defect resulting from the TUBB4A mutations primarily affects axons, with secondary effects on glia resulting in the myelin sheath changes. 5 It is possible that the cell type primarily affected could be dependent upon specific mutations of TUBB4A. Models that could be used to explore the effects of these mutations on axons and glia have been lacking until now. A potential model of TUBB4A-related disease is the myelin mutant rat, called taiep. 9 This rat develops a progressive neurologic disease resulting from hypomyelination followed by demyelination of the brain, optic nerves, and certain tracts of the spinal cord. 10, 11 Progressive accumulation of microtubules in oligodendrocytes was correlated with failure to develop normal myelin (hypomyelination) and subsequent demyelination. 12 We previously mapped the taiep mutation to a 5 to 9cM region around D9Rat44 of rat chromosome 9. 13 We have now identified a mutation in Tubb4a in the taiep rat in an amino acid that is located in a domain involved in interactions between the a-and b-tubulin dimers. Thus, taiep is an ideal model in which to study the mechanism of microtubule accumulation in the oligodendrocyte cell body and throughout its processes.
Materials and Methods

Animals
All animal experiments were performed according to protocols approved by the University of Wisconsin School of Veterinary Medicine Institutional Animal Care and Use Committee. The taiep rat colony was maintained by the crossing of affected 3 affected rats or affected 3 carrier rats of either sex. Offspring resulting from carrier 3 affected pairings were differentiated by the development of a tremor in affected pups around 20 days of age. 10 Affected taiep rats were able to live up to 27 months of age with supportive animal care.
Myelin Stain of the Brain
As previously described, 12 we used a simple histochemical stain on 40 lm free-floating sections stained with nitro blue tetrazolium and diaminobenzidine. 14 
Light Microscopy and Electron Microscopy
Affected taiep rats, heterozygotes, and age-matched normal littermates were perfused with a modified Karnovsky fixative as previously described. 15 Following perfusion, the brain, optic nerves, and whole spinal cord were removed and postfixed for at least 2 days; then blocks were trimmed for processing and plastic embedding. These were cut as detailed previously 10 for light and electron microscopy (EM) and viewed on a Philips (Best, the Netherlands) CM120 transmission electron microscope. Images were captured with a BioSprint 12 series digital camera using AMT Image Capture Software Engine V700 (Advanced Microscopy Techniques, Woburn, MA).
Neuropathology of the Brain
Brains from taiep rats and age-matched controls at 2 weeks, 3 months, 1 year, and 2 years (2 at each time point) were collected following perfusion, as described above. The brains were trimmed, processed, and embedded in paraffin. Coronal sections were stained with hematoxylin and eosin (H&E), Luxol fast blue/periodic acid-Schiff, and cresyl violet.
Mutation Identification and Validation
RNA was isolated from taiep (n 5 2) and control (n 5 2) rat spinal cord samples via TRIzol extraction. This was converted to cDNA using oligo(dT) 20 primer and M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA). Sequencing reactions were then prepared using 2ng of cDNA template and 1 of the following 4 sequencing primers spanning the 1500bp Tubb4a open reading frame (ORF): F1, ATCTCCTCCAGAGACGGAACCAC; F2, CCACCTAGTGT CGGCCACCAT; R1, ACACCAGCAAATCTTTGACCCTG; R2, CTCAATGCAGATCTACGCAAGC. Sequencing of affected taiep rat cDNA indicated the presence of a single nucleotide polymorphism (SNP) that generated a novel MscI restriction site. This was validated by polymerase chain reaction (PCR) using primers F1 and R1 (above) to produce a product 1460bp long followed by digestion with MscI (New England Biolabs). The control PCR fragment contained 1 MscI site at 318bp, and the taiep PCR fragment added an additional site at 804bp. Therefore, the digest band sizes expected for each condition were as follows: control: 318 and 1,142bp; taiep, 318, 486, and 656bp.
Genotyping primers with the following sequences were designed to span the novel taiep SNP site: F, GAGAACACT GATGAGACCTACTG; R, CCTGGATGGCTGTGCTATT.
PCR with rat gDNA produced a product of 547bp. Subsequent digestion with MscI was expected to produce band sizes as follows: control, 547bp; taiep, 225 and 322bp; Het, 225, 322, and 547bp. The Tubb4a mutations were modeled on the Tubb3 structure 16 using the PyMOL Molecular Graphics System, version 1.7.1.4.
Chromatin Immunoprecipitation-Quantitative PCR
Chromatin immunoprecipitation (ChIP) assays were performed on pooled thoracic spinal cords from postnatal day 15 (P15) C57BL/6 mice using the following antibodies: goat IgG (Santa Cruz Biotechnology, Santa Cruz, CA; sc-2028), Sox10 (R&D Systems, Minneapolis, MN; AF2864), and Olig2 (Millipore, Billerica, MA; AB9610). ChIP-quantitative PCR (qPCR) was performed as described previously 17,18 on 3 independent experiments, and primers used will be provided on request. Probability values were obtained from Student 2-tailed t test to compare percentage recoveries in Sox10 or Olig2 ChIP assays compared with that in a control immunoprecipitation (goat IgG; p < 0.05 is considered to be statistically significant).
Patient Light Microscopy and EM
A patient with severe hypomyelination and, clinically, a profound lack of development died at the age of almost 4 years because of respiratory failure. This patient harbored a de novo TUBB4A gene mutation, c.1242C>G/p.Asn414Lys, not present in the parents, in line with dominant de novo inheritance. Postmortem tissue was formalin-fixed and paraffinembedded for (immuno)histochemistry. Four-micrometer-thick tissue sections were stained with H&E, Kl€ uver stain for myelin, and Bodian stain for axons according to standard methods. After heat-induced antigen retrieval in 0.01M citrate buffer (pH 5 6), immunohistochemical staining was performed with antibodies against the major myelin protein proteolipid protein (AbD Serotec, Kidlington, UK; 1:3,000), the astrocyte-specific protein glial fibrillary acidic protein (Millipore, 1:1,000), and CD68 for microglia (Dako, Carpinteria, CA; clone KP1, 1:400). Immunoreactivity was detected with 3,30-diaminobenzidine as a chromogen. Tissue sections were photographed using a DM6000B microscope (Leica Microsystems, Wetzlar, Germany). Omitting primary antibodies yielded no significant staining.
EM was performed on frontal white matter. The tissue was fixed with 2% glutaraldehyde in 0.1M sodium cacodylate buffer (pH 5 7.4), postfixed in 2% osmium tetroxide, and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate.
Results
Taiep Rat Phenotype As previously described, the taiep rat develops a tremor at 15 to 20 days of age involving the trunk and limbs. 9 This is not lethal, and taiep rats can frequently live up to 2 years and beyond (ie, a normal rat lifespan). Although they develop a progressive neurologic disease from around 3 months on, this usually plateaus at 12 to 15 months with persistent truncal ataxia, paresis, and intermittent seizure activity. Despite severe involvement of the optic nerves, vision most often remains intact. Both male and female carriers that live up to 2 years show no neurological abnormalities.
Myelin Development and Loss in the Taiep
Brain and Brain Neuropathology Gross examination of the sagittally sectioned brain at early time points (2-3 months) showed that myelin was present in the major white matter tracts (eg, cerebellar medulla and folia and the corpus callosum), but was not as obvious as in control rats. This was confirmed in sections stained with the simple myelin stain, 14 which showed some myelin in the brainstem and forebrain (Fig  1) , but much less than normal. By 9 to 12 months, however, a total loss of myelin in taiep was observed throughout the brain (see Fig 1) . The major abnormalities seen in the taiep brain sections were the initial paucity of myelin followed by a generalized loss of myelin associated with enlargement of the ventricles, consistent with progressive white matter atrophy. There was no evidence of atrophy of the basal ganglia, including the putamen and caudate nucleus, although the cerebellum showed a mild decrease in size but without clear neuronal loss.
Myelin Development and Loss in the Spinal
Cord in the Taiep Rat At the early time points (2-3 months), there was a striking hypomyelination of the spinal cord, with axons in all columns of the cord being thinly myelinated or lacking a myelin sheath, especially the dorsal column (Fig 2) . Some large-
Myelin is initially present although reduced in the taiep brain and is lost with time. There is evidence of myelin in the brain of a 3-month-old taiep rat, noticeably in the cerebellum, corpus callosum, and fornix, but much less than wild-type (WT). However, by 9 months, demyelination has led to severe loss of myelin. In the cerebellum, there is mild separation of the gyri, suggesting atrophy that may have resulted from myelin loss. Scale bars: 0.5mm (cerebellum), 1.0mm (whole brain).
diameter axons appeared to have a myelin sheath of normal thickness. In the dorsal column, the fasciculus gracilis and corticospinal tracts, which contain mainly small-caliber axons, were uniformly hypomyelinated at early time points. By 6 to 9 months, these tracts lost practically all myelin and contained predominantly demyelinated axons. There was a striking increase in oligodendrocytes in these tracts, despite the loss of myelin. In the ventral column, hypomyelination persisted throughout life, although many scattered fibers had thick myelin sheaths. No myelin abnormality was seen in the spinal cord of heterozygote rats up to 16 months of age.
Oligodendrocyte Abnormality in the Taiep Rat
The hallmark abnormality was the progressive accumulation of microtubules throughout the oligodendrocyte cell body and its processes (Fig 3) . This accumulation was not apparent prior to the onset of myelination in the P7 taiep optic nerve. However, it was present in the P7 spinal cord of the same rat, where there was active myelination. Microtubules increased initially in a scattered fashion throughout the cytosol, then were seen in linear rows, either alone or with a predisposition to align along elements of the endoplasmic reticulum (ER) and the FIGURE 2: In the spinal cord, the dorsal column shows hypomyelination followed by complete demyelination of certain tracts. The fasciculus gracilis is marked at each stage by an asterisk (A, D, G) and higher magnification of these areas is shown below (B, E, H). In the taiep rat spinal cord at early time points, all axons in the fasciculus gracilis were myelinated but with thinner myelin sheaths than in controls (B). However, with time the dorsal column and particularly the fasciculus gracilis and corticospinal tract (CT) showed severe demyelination, with only scattered large-diameter axons being myelinated (G, H). In comparison, the fasciculus cuneatus (FC) was less severely affected. There was an increase in glial cell nuclei in these tracts with time (H). In contrast, the ventral column from the same animals as in A-H showed that axons at 4 months were mainly thinly myelinated or nonmyelinated in taiep rats (F) and remained this way through 23 months (I). WT 5 wild type. outer nuclear envelope. This ER had the appearance of smooth ER, or transitional elements, 19 as it lacked ribosomes. These accumulations persisted in oligodendrocytes for up to 2 years of age. Microtubule accumulation was also seen in large and fine oligodendrocyte processes throughout the neuropil and to the furthest point of the cell process in the outer and inner oligodendrocyte cytoplasmic loops. Collections of small oligodendrocyte processes that were packed with microtubules were seen throughout the neuropil, although often adjacent to oligodendrocyte cell bodies. In some cases, microtubules were seen in excessive numbers encircling a myelinated axon. Microtubules were occasionally aligned on the rough ER, where they may have displaced ribosomes, and on the outer nuclear membrane. In older taiep rats, densely packed microtubules were found throughout the cytosol to the exclusion of other organelles. Microtubule accumulation was limited to the oligodendrocyte cell body and its processes and was never seen in adjacent axons that had a normal microtubule density. Likewise, there was no evidence of microtubule accumulation in astrocytes.
Mutation in the Taiep Rat and Gene Regulation Analyses
Previous gene mapping studies of the taiep rat had localized the gene to chromosome 9, between D9Rat88 marker and the telomere, which is an approximately 12Mb segment in the Rn5 genome. 13 A survey of genes in this interval revealed that the Tubb4a gene for b4-tubulin resided there, and expression profiles have shown that Tubb4a is highly expressed in newly formed and myelinating oligodendrocytes, but much lower in oligodendrocyte progenitor cells (OPCs) and other central nervous system (CNS) cell types. 7 Other profiling studies also indicate oligodendrocytespecific expression. 20 We initially examined levels of Tubb4a in both taiep and littermate rats, and saw only minimal differences in gene expression by quantitative reverse transcriptase PCR (data not shown). Rat spinal cord cDNA was prepared from homozygous taiep and wild-type littermates, and the ORF was amplified and sequenced. The length of the ORF as determined by PCR was unchanged in taiep rats relative to wild-type littermates. The sequencing revealed a single coding mutation that converted Ala302 to Thr (GCG to ACG) in the homozygous taiep samples (Fig 4A) . The sequence change also introduced a restriction site, MscI, which was used to validate the sequence change after digestion of the PCR products from the cDNA. The Ala302 mutation is located in a domain proposed to mediate lateral interactions between ab-tubulin heterodimer units, which assemble to form cylindrical microtubules (see Fig 4B) . 21 The closest TUBB4A mutation identified in H-ABC was p.Gln292Lys, 22 although one of the TUBB3 mutations associated with a nervous system disorder with axon guidance defects was the homologous p.Ala302Thr mutation, 23 discussed below. This finding, together with the previous evidence of accumulation of microtubules in taiep oligodendrocytes, led us to conclude that this is likely to be the responsible mutation. To address how Tubb4a gene expression is controlled in oligodendrocytes, we hypothesized that it may be directly regulated by the critical oligodendrocyte transcription factors Sox10 and Olig2. [24] [25] [26] Our Sox10
ChIP-Seq dataset 18,27 from P15 rat thoracic spinal cord indicated that Sox10 may bind a genomic region about 28kb upstream of the Tubb4a transcription start site, as well as the gene promoter. Sequence analysis revealed a Sox10 binding motif at the promoter, but the motif appears to be poorly conserved in humans (Fig 5A) . In addition, the Olig2 binding motif was found at the promoter and the genomic region at 28kb, albeit the motif at 28kb is also not conserved in humans. We next hypothesized that Olig2 binding may be a conserved regulatory event at the Tubb4a promoter. To test this and validate cross-species conservation, ChIPqPCR was performed on P15 mouse thoracic spinal FIGURE 4: Identification of Tubb4a mutation in taiep rat. (A) Previous work had localized the causative gene in the taiep mutant to rat chromosome 9q12. Analysis of candidate genes revealed Tubb4a, which is mutated in several patients with hypomyelination. Sequencing of taiep mutant rats and normal controls revealed an A to G mutation that changes Ala302 to Thr. The mutation also introduces a MscI restriction enzyme site. Polymerase chain reaction fragments were generated from taiep rat and wild-type littermate cDNA, and both fragments were digested with the MscI restriction enzyme, indicating a homozygous mutation in taiep. (B) The crystal structure of a-and b-tubulins was used to indicate the position of the Ala302 residue that is mutated in the taiep rat and the Asn414 residue mutated in our patient. Additionally, the position of the classical hypomyelination with atrophy of the basal ganglia and cerebellum (H-ABC) mutation (Asp249) and 2 other patients with isolated hypomyelination (Glu410 and Gly96) are shown. The classical H-ABC mutation is located at the a-b interface, where most H-ABC mutations are located, whereas the taiep mutation and the mutations observed in patients with isolated hypomyelination are located at the lateral side of b-tubulin.
cords with antibodies for Sox10 or Olig2. We found that Olig2 binds the Tubb4a promoter and 28kb sites, although not as strongly at the latter (see Fig 5B) . Sox10 was also found to significantly bind the gene promoter, but the percentage recovery was not as high as was seen for the positive control. As a positive control, we detected Sox10 and Olig2 binding at a known regulatory element at 227kb upstream of the Sox10 gene (Sox10-MCS4/U3). 28 No binding was detected at a negative control site near tektin 3 (Tekt3), a testes-specific gene. Our results indicate that Sox10 and Olig2 bind the Tubb4a promoter and directly regulate expression of Tubb4a in oligodendrocytes.
To further examine regulation of Tubb4a gene expression by Sox10 and Olig2, we mined a previous transcriptomics analysis on Brg1-deficient oligodendrocytes from optic nerve, 29 as both Olig2 and Sox10 interact with Brg1. 29, 30 Optic nerve from P14 Brg1 conditional knockout (cKO; Brg1 flox/flox ; Olig1-Cre) mice exhibits myelination defects, as well as reduced levels of Sox10 (>4-fold) and Olig2 (>3-fold). 29 Tubb4a gene expression is also downregulated >5-fold in Brg1 cKO optic nerve. Olig1 is coexpressed with Olig2 and is required for oligodendrocyte differentiation. 24 Olig1 expression is also reduced in Brg1 cKO nerve, 29 and Olig1-deficient optic nerve exhibits reduced Tubb4a levels, 31 providing further evidence that Tubb4a is regulated by oligodendrocyte-specific transcription factors.
Light Microscopy and EM in the Human Patient
To determine whether the microtubule accumulation seen in the taiep rat was observed in a human patient with a TUBB4A mutation, we analyzed samples from a 2 1 = 2 -year-old patient with a p.Asn414Lys mutation. This patient had profound hypomyelination and mild cerebellar atrophy, without atrophy of the putamen and caudate nucleus (Fig 6) . The mutation was located in the H12 helix domain (see Fig 4B) , which is involved in contacts with microtubule-associated proteins and kinesin motors.
21,32
On macroscopic brain examination, the deep and subcortical white matter in the cerebral lobes, as well as in the internal capsule, anterior commissure, and corpus callosum, was discolored and undiscernible from the neighboring gray matter. The lateral ventricles were enlarged and the corpus callosum was thin, indicating white matter atrophy. On coronal cut, the putamen and caudate nucleus had a normal appearance. The cerebellum was moderately atrophic, especially the vermis. On microscopic examination, the white matter of the deeper and subcortical cerebral areas showed a marked lack of myelin (Fig 7) . At high magnification, microscopy revealed increased density of white matter oligodendrocytes, without axonal swellings or spheroids. The lack of myelin was conceivably due to both hypomyelination and myelin degeneration, as scattered macrophages could be seen focally in perivascular regions. The axons were much better preserved. In the white matter, immunohistochemistry demonstrated activation of microglia and isomorphic reactive astrogliosis. The cerebral cortex was normal. The putamen and caudate nucleus were, like the thalamus and globus pallidus, intact. The cerebellar cortex was atrophic, with loss of neurons in the granular layer. The molecular layer was thinned and mildly gliotic. There was only a minor loss of Purkinje cells, but the remaining Purkinje cells showed swollen dendrites and axons. The cerebellar white matter was pale. EM of the white matter showed marked hypomyelination, with most axons being thinly myelinated (Fig 8) . Many large-diameter axons lacked a myelin sheath. Oligodendrocytes were present, more than normal, and within these there was evidence of an increase of microtubules, often seen in longitudinal arrays. Many oligodendrocyte inner loops were enlarged, with increased microtubules, and longitudinal processes of oligodendrocytes contained prominent microtubules. Microtubules were also noted to be increased in some axons, but there was no evidence of accumulation of other organelles, spheroids, or axon degeneration.
Discussion
Since 2002, there has been a growing number of reports of mutations in the TUBB4A gene associated with variable phenotypes ranging from severe early onset fatal encephalopathy with profound lack of myelin to milder disease characterized by milder or no myelin deficits.
Although in classical H-ABC atrophy of the putamen is obligatory, 1,3 both severe and milder hypomyelinating variants without atrophy of the putamen and caudate nucleus have been observed. 2, 8 The lack of tissue from affected patients has left gaps in our understanding of H-ABC and other TUBB4A-related phenotypes, of the development of changes in the basal ganglia, and of the defects in myelin production and maintenance. Here, we present a rat mutant with a mutation in Tubb4a that has a profound disturbance of myelin caused by an abnormality of microtubules in oligodendrocytes resulting in hypomyelination and subsequent demyelination, which might model the changes in TUBB4A-related hypomyelination and identify the primary target cell.
Microtubules are essential structures of the developing CNS, playing a major role in neuronal migration and axonal guidance. 33 The tubulin gene family comprises a large number of genes that encode 2 dimeric proteins, a-and b-tubulin, that form microtubules. the same images of an age-matched neurologically normal child. In the patient, the cerebral white matter is T2-hyperintense due to lack of myelin (arrow in A), whereas the white matter in the control is T2-hypointense (arrow in C). In the patient, the cerebellum is mildly atrophic (arrow in B), whereas it is normal in the control (arrow in D). Mutations of these genes, including TUBA1A, TUBA8, TUBB2B, and TUBB3, that encode neuronal microtubules, result in CNS malformations such as cortical malformations and defects in commissural fiber tracts. 23 Microtubules are also important constituents in oligodendrocytes, where with actin they form the major components of the cell cytoskeleton, 34, 35 and play an essential role in trafficking of certain myelin proteins and mRNAs. [36] [37] [38] Mutations in TUBB4A result in a disease spectrum, ranging from adult onset DYT4, also called whispering dysphonia, to isolated mild hypomyelination, H-ABC of variable severity, and isolated severe hypomyelination. 2, 8 The diagnosis of H-ABC is made in life by the MRI triad of atrophy of the putamen, atrophy of the cerebellum, and hypomyelination. 1, 2, 4 However, patients without atrophy of the putamen have been reported more recently, 4, 22, 39 and there appears to be a broad spectrum of presentations. 8 All reported patients have heterozygous dominant mutations. The enigma of H-ABC, however, is why severe atrophy of the putamen coexists with hypomyelination, two very different processes that appear unrelated. 1 Accumulation of microtubules in taiep oligodendrocytes initially appears randomly throughout the cell body, but then microtubules align with apparent smooth ER profiles, either partially or completely coating the surface. There also appears to be an alignment of free microtubules in the cell cytosol, with microtubules often arranged in linear rows. Microtubule accumulation is seen throughout cell processes and their extensions into the inner and outer cytoplasmic loops of the myelin sheath. Microtubules less frequently were aligned along the outer nuclear envelope and also its extension, rough ER, with displacement of ribosomes. Another striking cellular feature of the white matter in the mutant rat is the frequent presence of microprocesses that increase with aging. These contain densely packed microtubules and are therefore thought to be small-caliber oligodendrocyte processes. Similar microprocesses have been described in the shiverer (shi) mouse. 40 In the taiep rat spinal cord dorsal column, as in the brain white matter of our patient with TUBB4A-related severe hypomyelination, there is an increase of oligodendrocyte nuclei often associated with bundles of microprocesses (data not shown) that might suggest a failure of oligodendrocyte maturation. Although it is not known why the taiep mutation results in preferential loss of myelin in the fasciculus gracilis and corticospinal tracts, oligodendrocytes in these tracts myelinate primarily small-diameter axons. We have previously shown that such oligodendrocytes in the taiep anterior medullary velum (AMV) are also preferentially involved over those myelinating large axons. 41 The AMV is a thin structure that lies between the cerebellum and inferior colliculi in which oligodendrocytes myelinating large and small axons can be separately visualized. 42 Likewise, in the brain parenchyma and optic nerves, oligodendrocytes that myelinate small-to medium-diameter axons are preferentially involved. Hence demyelination in the brain is more severe than in the lateral and ventral columns of the spinal cord, where oligodendrocytes myelinate larger-diameter axons. Accordingly, the polarity of microtubules in fine processes of oligodendrocytes is disrupted more than in large-diameter processes that may myelinate larger-caliber axons. 43 The taiep microtubule accumulation and alignment with cytosolic membranes appears to be a unique observation compared to other white matter disorders. The microtubular defect in the taiep rat does, however, have a striking resemblance to that seen experimentally in both CNS cultures and in Schwann cells after exposure to taxol. In organotypic mouse spinal cord-dorsal root ganglion cultures, 6-day exposure to taxol resulted in marked increase in microtubules in oligodendrocytes and their association with ER cisternae and the outer nuclear envelope. 44 The location of the taxol-binding site on microtubules is known, 45 thus the taxol model might shed light on apparent identical microtubule changes seen in taiep and, putatively, TUBB4A-related disorders. The comparison with TUBB3 mutations provides a number of interesting points. For example, TUBB3 mutations cause neuronal migration defects, 46 whereas the analysis here and previously highlights a significant defect mainly in TUBB4A mutant oligodendrocytes. Accordingly, TUBB4A is highly expressed in newly formed and myelinating oligodendrocytes, relative to OPCs and neurons, whereas the TUBB3 gene is specifically expressed in neurons. 7 The regulation of TUBB4A
by Olig2 and Sox10 is also consistent with this idea. Interestingly, the taiep mutation does not cause myelin changes in peripheral nerve, where other tubulin genes are expressed highly (eg, Tubb2a, Tubb4b, and Tubb5). Likewise, patients with H-ABC also do not have a peripheral neuropathy. Another important similarity is that human mutations in TUBB3 and TUBB4A are generally heterozygous. However, no phenotype is observed in heterozygous taiep rats. Similarly, a Tubb3 knockin mutation was generated previously and showed a phenotype only in the homozygous state. 46 We do not know the reasons for the requirement of homozygosity, but the microtubule dynamics in rodents may render them less sensitive to expression of mutant tubulin protein. Alternatively, it is possible that the lack of a phenotype in the heterozygous mutant may be due to the relatively short lifespan of the rat. The genetic differences between these mutations in rat and human may be comparable to another leukodystrophy, vanishing white matter, which in humans has a recessive inheritance with mutations in any of the 5 genes EIF2B1-5. Mutations that lead to a childhood disease in humans give at most a very mild phenotype in mice. 47 Only severe mutations and especially double mutants with mutations in 2 genes give an adequate neurological phenotype in mice. 48 Finally, the TUBB4A protein is closely related to the TUBB3 protein. A recent study employed the homologous mutation Tubb3 Ala302Thr in a yeast analysis of microtubule dynamics and found that the mutation made microtubules more stable, and the mutant protein had reduced dynamics of polymerization/depolymerization. 46 Interestingly, the TUBB4A mutation in our patient at Asn414 affects the H12 domain, which interacts with kinesin motors and other microtubule-associated proteins (see Fig 4B) . 32, 49 In addition, a nearby mutation at position 417 in TUBB3 reduces kinesin binding and leads to increased polymerization and higher stability of microtubules. 16 Therefore, studies of similar mutations in TUBB3 suggest that mutations at Ala302 in the taiep rat and at Asn414 in the patient described here both cause enhanced stability of microtubules and could lead to the observed accumulation of microtubules. Other TUBB4A mutations associated with the H-ABC phenotype or hypomyelination affect amino acids at the a-b-tubulin interface, 2 or domains that mediate interactions between protofilaments that form the microtubules or affect microtubule function. Therefore, different TUBB4A mutations have different downstream molecular effects that underlie the diverse TUBB4A-related phenotypes. Microtubules exhibit dynamic instability, involving the stochastic polymerization and depolymerization from their plus end. 50, 51 We hypothesized that the increased density of microtubules in taiep oligodendrocyte processes resulted in an imbalance in kinesin/dynein activity, resulting in the decreased transport of myelin basic protein mRNA granules and myelin-specific proteins toward the distal end of oligodendrocyte processes. 12, 52 In addition, microtubule polarity, which is inherently plus end distal in oligodendrocyte processes, 38 is abnormal in taiep, with a mix of plus and minus end distal tubules in fine oligodendrocyte processes. 43 The molecular pathogenesis of Tubb4a mutations has not been established, and the taiep rat model provides an ideal tool in which to address this question. Can the taiep rat therefore model the phenotype of TUBB4A mutations in humans and provide a mechanism for the myelin and possibly neuronal disorder? The taiep rat shows a clear and consistent phenotype with hypomyelination followed by demyelination of the brain. This is strikingly similar to what is thought to occur in H-ABC and TUBB4A-related hypomyelination variants as observed by MRI. 2, 4 The microtubule defect, however, is restricted to oligodendrocytes in taiep, with no evidence of their accumulation in axons. The myelin defect is much more pronounced in the brain of the taiep rat than in the spinal cord, where more myelin is seen, albeit with hypomyelination, and where demyelination only affects certain tracts of the dorsal column. There is no atrophy of the putamen in taiep rats, yet the cerebellum is smaller and there is a separation of the gyri, which suggests atrophy. However, there was no histologic evidence of loss of neurons in the cerebellum, and the mild reduction in size may result from myelin loss. Thus, the taiep rat has greatest similarity to those TUBB4A-mutated patients who have severe isolated hypomyelination. The finding of microtubule accumulation in the patient described here confirms the usefulness of the taiep rat as a model of TUBB4A mutations and provides a system in which to test therapies.
